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AN EXPERIMENTATL, INVESTIGATION OF HIGHLY UNDEREXPANDED
FREE JETS IMPINGING UPON A PARALLEL FLAT SURFACE

By Allen R. Vick and Earl H. Andrews, dJr.
Langley Research Center

SUMMARY

An investigation to determine the effects of highly underexpanded free Jjets
impinging upon an adjacent flat surface has been conducted. The experimental
program conducted in the Langley L41-foot vacuum sphere consisted of obtaining
pressure measurements and high-speed schlieren photographs. Unheated air (of
approximately 2,400 lb/sq in. abs) was exhausted from two different nozzles, a
converging nozzle (Jjet exit Mach number, 1.0; nozzle exit diameter, 0.125 inch)
and a converging-diverging nozzle with a nominal design Mach number of 5.0 having
a nozzle exit diameter of 0.625 inch. The Jet-impingement surface was mounted
parallel to the nozzle axial center line and the distance of this surface from
the nozzle axis was varied for each of the test nozzles. Continuous data were
obtained over a range of ratios of Jjet total pressure to ambient pressure varying
from about 250,000 down to 20, 000.

The data are reported herein together with certain correlations of the pres-
sure distributions along a line parallel to the nozzle axial center line. The
location of the peak static-pressure ratio appeared to correspond to the location
of the oblique shock which is formed downstream of the initial impingement point.
For the two closest plate positions, the jet-impingement-point variation is rela-
tively small over the range of total-pressure ratios investigated and results in
a relatively constant location of the peak surface-static-pressure ratios. At
large distances of the Jjet-impingement surface from the nozzle, a change in the
type of flow experienced on the surface occurs which results in more than one
peak static-pressure ratio. For relatively close plate locations and for a
given location on the plate, it was further observed that the ratio of surface
pressure to total pressure remained essentially constant as the ratic of total
pressure to ambient pressure was varied. Angles between the flow direction at
the initial jet-impingement point and the plate surfgce ranging from 58° to 65°
and 33° to 41° for the Mach number 1.0 and Mach number 5.0 nozzles, respectively,
corresponded to critical values for which the peak surface pressure shifted from
a position a considerable distance downstream of the initial jet-impingement
point up to the vicinity of jet impingement.

INTRODUCTION

Rocket exhaust gases expanding into the vacuum of outer space leave the
nozzle in a highly underexpanded condition. Under such circumstances these



exhaust gases on leaving the nozzle exit flow in a radial direction which, at

the jet plume boundary, may be nearly perpendicular to the nozzle thrust axis.
Typical problems arising as a result of these large billowing jet plumes include
high-altitude stage separation (ref. 1), attitude control for space rendezvous
missions, soft lunar landings and take-off (refs. 2, 3, and 4), and structural
and heating problems brought about by direct impingement of the hot exhaust gases
on adjacent vehicle surfaces. The purpose of this experimental investigation was
to determine the pressure distributions associated with highly underexpanded free
Jets impinging upon adjacent flat surfaces. A similar investigation with a some-
what different objective using a Mach number 2.0 nozzle, tests being conducted
over a range of ratios of jet total pressure to ambient pressure up to about
14,000, is presented in reference 5. Another investigation (ref. 6) presents
experimental data for a 2:1 area ratio nozzle at pressure ratios (Pt,j pm) up to
about 2,350. Included was a comparison of experimental results with theoretically
predicted surface pressure distributions using a method based on Newtonian flow

theory.

The investigation reported herein was conducted in the Langley 4l-foot
vacuum sphere, data being obtained in the form of surface pressure measurements
and high~speed schlieren photographs. Cold-air tests, with a total temperature
of about 90° F, were conducted at stagnation pressures of approximately
2,400 lb/sq in. abs with two different nozzles, a converging nozzle (jet exit
Mach number, 1.0) and a converging-diverging nozzle (jet exit Mach number, 5.0).
The jet-impingement surface was a flat plate mounted paraliel to the nozzle axial
center line and the distance of this surface from the nozzle axial center line
was varied for each of the test nozzles. The range of ratios of Jet total pres-
sure to ambient pressure was from about 250,000 down to 20,000.

SYMBOLS
dj nozzle exit diameter
Mj nozzle exit Mach number
Pj nozzle exit static pressure
Pg static pressure on impingement surface
pt,j nozzle total pressure
P, vacuum sphere amblent pressure
X distance along impingement surface measured axially from nozzle exit
y distance between impingement surface and center line of nozzle
R radial distances from center of impingement surface (see fig. 2)
¥ angle in degrees measured clockwise with respect to nozzle axial

center line (see fig. 2)
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On half-angle of nozzle

B angle between tangent to jet boundary and impingement surface at point
of impingement

o angle between tangent to Jjet boundary and jet axis immediately after
expansion to ambient pressure at nozzle exit

A(§7> distance between point of impingement and location of maximum surface

J pressure

Vn Prandtl-Meyer expansion angle corresponding to nozzle exit Mach number
Vi Prandtl-Meyer expansion angle corresponding to jet boundary Mach number

APPARATUS AND PROCEDURE

Test Setup and Procedure

The experimental investigation was conducted in the Langley 41-foot vacuum
sphere with the test setup as shown in figure 1(a). Air from a tank farm pres-
surized to approximately 2,400 lb/sq in. abs was supplied to the nozzles, located
near the center of the sphere, through a B/h—inch-diameter supply pipe. The
volume of alr available was sufficient to maintain essentially a constant nozzle
stagnation pressure during a test run. An enlargement of the test setup, shown
in the schematic in figure 1(b), shows the general arrangement of the nozzle,
impingement surface, and schlieren mirror. The impingement surface, a flat plate
with dimensions of 36 inches by 42 inches,was mounted parallel to the nozzle
axial center line. Surface pressure distributions were measured with the plate
located at distances corresponding to 7, 1k, 30, and 60 nozzle exit diameters
away from the M3y = 1.0 nozzle center line and 2, 4, 6, and 10 nozzle exit diam-

eters from the Mj = 5.0 nozzle center line. The location of the plate center

point downstream of the nozzle exit varied with the distance between the plate
and the nozzle center line in order to obtain a better coverage of surface pres-
sures in the vicinity of the Jjet-impingement point.

Vacuum pumps were utilized to attain initial pretest pressures in the sphere
of approximately O.4 mm Hg (0.0077 1lb/sq in. abs). An electrically operated
solenoid valve located Just upstream of the nozzle permitted a rapid start. For
one sphere evacuation, two 15-second runs were made with a brief shutdown between
the two runs for the purpose of reloading the motion-picture camera. During the
total test time of approximately 30 seconds, the pressure ratio was reduced from
gbout 250,000 down to about 20,000. With the test nozzle in operation the sphere
pressure increased linearly with time; therefore, the ratio of total pressure
to ambient pressure decreased hyperbolically with time.

Some of the symbols and parameters used in the discussion are defined by
the sketch in figure 1(c).



Test Nozzles

Tests were conducted with two nozzles, one convergent and the other
convergent-divergent, as shown in figure 1(d). The converging nozzle (Mj = l.O)
had an exit diameter of 0.125 inch and the converging-diverging conical nozzle
of nominal design Mach number of 5.0, based on inviscid flow, had an exit {iam-
eter of 0.625 inch, an expansion area ratio of 25, and a half-angle of 15°. For
some tests conducted with the nominal M = 5.0 nozzle, a static-pressure orifice
installed in the expansion wall Jjust upstream of the exit indicated an actual
exit Mach number of 4.79.

The initial turning angle of the flow at the nozzle exit ap, obtained from
measurenents of a series of schlieren photographic enlargements at known values
of the ratio of nozzle total pressure to ambient pressure, indicated a substan-
tially larger value of the effective expansion half-angle 6p at the exit than
the inviscid design value. This comparison was performed by using an expression,
an = v] - vp + Op (see, for example, ref. 7). With v, and vy determined

from the estimated exit Mach number of 4.79 and the experimental value of the
ratio of ambient pressure to total pressure, respectively, the effective nozzle
half-angle was computed to be 26.5° or about 11.50 greater than the inviscid
design value. Reference 8, in which small-scale high Mach number nozzles were
tested, experienced a similar phenomenon in that measured values of ap Wwere
considerably different from the calculated values. A comparison of the dif-
ference between measured and calculated values of a4, when correlated with the
Reynolds number of about 13 X 106 based on nozzle exit conditions and diffuser
conical length, indicates favorable agreement with the same type of correlation as
shown in reference 8. For large-scale configurations, it is believed that 6p

should correspond to the geometric angle; however, more research is needed in
this area.

Instrumentation

Nozzle stagnation pressure was measured by a 3,000 lb/sq in. abs pressure
transducer located between the electrically operated solenoid valve and the
nozzle inlet bell. The sphere ambient pressure was measured in the vicinity of
the nozzle by a small differential pressure transducer with a range of 0.005
to 0.10 lb/sq in. abs. The impingement plate was instrumented with static ori-
fices 0.040 inch in diameter located as shown in figure 2. All static orifices
were connected to differential pressure transducers (NACA miniature-type induc-
tive gage) by means of 9-inch lengths of tubing to reduce possible vibrational
effects and yet retain a rapid response system. All pressure measurements were
continuously recorded on oscillographs for the duration of each 15-second test.

High-speed double-pass schlieren movies (16 millimeter) were obtained for
each test run. A 25-inch-diameter parabolic mirror was mounted about 4 feet
behind the nozzle (as shown in fig. 1(a)) and the viewing port and camera were
located on the equator of the vacuum sphere in the monitoring room. By properly
synchronizing the motion-picture camera with the flashing schlieren light source,
maximum frame rates of about 750 frames per second were obtained. Timing marks

N
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recorded on the edge of the motion-picture film from a 60-cycle flashing light
source permitted a correlation of pressure ratio with time for each test run.

RESULTS AND DISCUSSION

Tabulated Data

The investigation reported herein contains results obtained with two dif-

ferent nozzles (Mj =1.0 and Mj = 5.0) having exhaust plumes impinging upon a

parallel adjacent flat surface. The tabulated data of this investigation are
presented in table I for the Mj = 1.0 nozzle for values of plate distances

away from the nozzle of 7, 1k, 30, and 60 nozzle exit diameters and in table II
for the Mj = 5.0 nozzle at plate distances of 2, 4, 6, and 10 nozzle exit diam-

eters. Columns C) to C) of the tables contain data in a nondimensional ratio
form of surface static pressure to ambient pressure ps/pOo for five constant

values of ratios of nozzle total pressure to ambient pressure py j/poo ranging
J

from 250,000 down to 50,000. Columns @ to contain the identical data con-
verted to ratios of surface static pressure to nozzle total pressure Ps/Pt ..
>d

In the polar coordinate sketch of figure 2 the nozzle axial center line is con-
o}
sidered to be at V¥ = 0° and data are tabulated at intervals of 22% as

increases in a clockwise direction. Data in the figures are primarily limited
to those obtained on a line parallel to the nozzle axial center line (W = OO);
however, typical plots are presented showing how the data contained in the tables
for pressure orifices other than along V = O° might be used.

Experimental Results

General flow description.- A general inspection of the data indicates that
the impingement of a supersonic Jjet on an adjacent surface produces surface pres-
sure distributions strongly dependent upon the type of shock system produced by
the impinging jet. There appears to be two different shock configurations expe-
rienced in this investigation which depended upon y/dj, pt,j/bm’ and nozzle

geometry. It can be postulated that one such system occurred when the flow was
turned at the point of impingement by an oblique shock system, and that the other
occurred when the flow had too large an Impingement angle to be turned by an
oblique shock and, therefore, had to pass through a normal shock. However, for
the latter case an oblique shock was formed downstream of the initial impinge-
ment point when the flow was able to negotiate the required turning angle.

Jet boundaries.- Theoretical Jjet plume boundaries calculated by the method
of characteristics for quiescent air, using three-dimensional irrotational equa-
tions of flow, are shown in figure 3 for each of the ratios of nozzle total pres-
sure to ambient pressure shown on the data sheets. The jet boundaries are
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presented in a nondimensional ratio form as the variation of y/ﬁj with x/dj.

Experimental boundaries obtained from photographic enlargements of individual
frames from the schlieren movies (see figs. 4 and 5) are indicated by symbols.
Excellent agreement with theoretical results is indicated over the complete range
of pressure ratios for both nozzles. It should be emphasized here that the theo-
retical calculations, for the nominal Mj = 5.0 nozzle, were based on the actual

exit Mach number of 4.79 and effective nozzle half-angle of 6, = 26.5° which

are both considerably different from the inviscid design value. Superimposition
on the jet-boundary plots of the various plate locations for the different test
configurations permits a determination of the jet-impingement-point location.

At the extreme pressure ratios covered in this investigation (up to
Pt J/pm = 250,000), the possibility of air condensation exists in that static
b4

temperatures occur below that required for condensation; however, because of

the small model size and the time required for condensation to occur, the effects
were believed to be negligible. Several factors appear to substantiate this
belief. In view of the fact that viscous effects produced by formation of water
droplets would retard the expanding gas velocity and affect the size of the jet
plume, the excellent agreement of experimental and theoretical jet boundaries
indicates that if condensation were present, its effects are minor. In addition,
the rapid expansion of the free Jet downstream of the nozzle exit results in a
decreasing frequency of molecular collisions required for droplets to form and
retards even further the possibility of condensation.

The oblique shock waves produced by jet impingement and obtained from high-
speed schlieren movies are shown in figure 3(a) for the Mj = 1.0 nozzle at the

two closest plate positions, y/dj = 7 and 14, and in figure 3(b) for the nominal
Mach 5.0 nozzle at y/dj = 2. For these plate positions, no movement of the

oblique shock could be detected as the pressure ratio decreased from 250,000
down to 50,000. As the impingement surface is moved out to a distance of 1k noz-
zle exit diameters, the oblique shock associated with the sonic nozzle impinge-
ment has about doubled in its location downstream of the nozzle exit, increasing
from about 4 to 8 nozzle diameters. Further increases in distance between the
nozzle and impingement surface result in a change in surface flow and a movement
of the oblique shock up to the point of jet-boundary impingement.

Schlieren photographs.- Schlieren photographs obtained from the
16-millimeter motion-picture film are presented in figures 4 and 5 for the
Mj = 1.0 and My = 5.0 nozzles, respectively. Enlargements of individual frames

corresponding to the pressure ratios for which data are presented, with the
exception of photographs for the Mj = 1.0 nozzle at y/dj = 30 which were

omitted because of their poor quality, are shown in chronological order in each
figure. Theoretical jet plume boundaries are shown only once for each of the
five different pressure ratios. (See figs. 4(b), U4(c), and 5(a).)

The initial jet-impingement point, partially obscured in some of the photo-
graphs, may be approximated from the shape of the free jet boundary on the oppo-
site side of the nozzle. In general, the oblique shock that originates



downstream of the initial impingement point is believed to be typical of the

type III flow discussed in reference 5 in which significant flow separation
occurs at the impingement point followed by an oblique shock with considerable
flow separation along the surface. From the photographs it is further evident,
however, that this thickly separated region persists only for a limited distance
downstream of the initial impingement point (see fig. 4(a)) and then becomes very
thin. As the pressure ratio is decreased, a second oblique shock forms far down-
stream of the nozzle exit and moves upstream. (See fig. 4(a).)

At the outermost plate location for the Mj = 1.0 nozzle (fig. 4(c)) the

oblique shock appears to originate very close to the impingement point at the
highest pressure ratios. The schlieren motion pictures show that as the pressure
ratio decreases, the oblique shock changes into a series of short shocks, pos-
sibly of the type that would occur if vortices were present in the flow along the
surface.

Schlieren photographs for the Mj = 5.0 nozzle at the closest plate loca-
tion (fig. 5(a)) are basically similar to those for the M3 = 1.0 nozzle with

the oblique shock originating several nozzle exit diameters downstream of the
impingement point. As indicated in figure 5(a), however, the length of thick
boundary layer on the impingement surface extends much further downstream than
at comparable pressure ratios with the Mj = 1.0 nozzle. Increasing the dis-

tance between the impingement surface and the nozzle axis (figs. 5(b) and 5(c))
introduces a flow phenomenon considerably different from that noted in the fore-
going discussion. These figures show two apparent shock systems (see fig. 5(b))
which have a tendency to coalesce as the pressure ratio decreases. The first
shock originates at the impingement point and reduces in strength, as indicated
by the decrease in angle between the shock and surface, as the pressure ratio
decreases. The second shock adheres more closely to the surface than the initial
shock and appears to originate somewhat downstream of the boundary impingement
point. Adjacent to the surface and bounded by the second shock is a region con-
taining apparently large-scale turbulence. Observations of this region in the
motion-picture film showed that the turbulence consisted of a series of vortices
which grew in size as the flow proceeded downstream.

Surface pressure distributions.- Examples of local varilations of surface
static-pressure ratio ps/poo with nozzle total-to-ambient pressure ratios for

a few individual static-pressure orifices are shown in figure 6 for the My = 1.0
nozzle at spacing ratios of y/dj = 7 and 60. This figure is typical of the type

of curves from which the data presented in the tables were obtained. Figure 6(a)
shows an essentially linear variation of surface pressure with the ratio of nozzle
total pressure to ambient pressure which is typical for the pressure variation

at all orifice locations for y/dj = 7 and 14 for the Mj = 1.0 nozzle and

y/d35 =2 for the Mj = 5.0 nozzle. Nonlinear variations shown in figure 6(b)
J J

are typical of the outermost plate locations and show that as the pressure ratio
is decreased, the impingement point moves downstream and crosses first one ori-
fice location and then another and, as a result, there are local regions of high
pressure.



Pressure distributions produced by impingement of the exhaust plume on a
flat surface are shown in figures 7 and 8 for the My = 1.0 and Mj = 5.0

nozzle, respectively, as the variation of surface static-pressure ratio ps/po0

with distance along the nozzle axial center line in terms of nozzle exit diam-
eter ratio x/dj. Maximum values of ps/poo of about 500 and 130 were obtained

for the Ms = 1.0 nozzle {y/ds = 7) and M: = 5.0 nozzle (y/d; = 2 respec-
J J J J ’
tively, at pt,j/'p°° = 250,000. 1In general, the data correspond to one of two

flow configurations depending on y/dj, Dy i/p”, and nozzle geometry. One flow
2’

configuration which appears to be independent of p is characterized by
t

ydf T ®
an oblique shock located near the plate at an appreciable distance downgtream of
the Jet-boundary~impingement point. Surface pressure ratio trends associated with
this type of flow have peak values closely corresponding to the points of shock
location as shown by comparing figures 7(a), T(b), T(c), and figure 8(a) with
figures 3(a) and 3(b), respectively. This correlation occurs, regardless of the
nozzle total-pressure ratio, at a relatively constant location downstream of the
nozzle exit. The constant location of peak pressure is primarily a result of

the fact that the jet-impingement-point variation is relatively small over the
range of pressure ratios investigated as was shown in figure 3.

As the surface-to-nozzle separation distance is further increased, a limit
is reached in which a change occurs in the surface flow characteristics. First
evidence of this flow change is observed at y/dj = 30 and Py j/bm = 50, 000

2

for the My = 1.0 nozzle, and y/dj = L4 for the Mj = 5.0 nozzle at the lower

pressure ratios. This second type of flow configuration is characterized by an
oblique shock located at the jet-boundary-impingement point in which the peak
surface pressure also occurs either at or very near the point of impingement. A
comparison of figures T(c) and 7(d) with figure 3(a) and figures 8(b), 8(c),

and 8(d) with figure 3(b) shows this change in surface flow phenomena. These
results are somewhat similar to those of reference 5 which showed peak surface
pressures being produced at the impingement point for low pressure ratios with
an apparent tendency toward a downstream movement of peak pressure at the higher
pressure ratios.

The shift in peak pressure location with decreasing pressure ratio is a
gradual occurrence as shown in figure 8(b). The initial peak pressure decreases
in prominence with decreasing pressure ratio and also moves downstream at a rate
closely approximated by the shift in jet-impingement-point location. Concurrent
with the decrease in initial peak pressure is a gradual increase in prominence
of the pressure at the point of jet impingement. These trends indicate a
decrease in shock strength at the downstream location and an increase in shock
strength at the impingement point.

The distributions of the surface static pressures expressed as a ratio to
the nozzle total pressure pg Py, 3 are presented in figures 9 and 10. At the

2
closest plate position (y/dj = T; fig. 9(a)), a single curve is drawn to repre-
sent the average variation of ps/pt’j for the complete range of test pressure

8
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ratios. That a single curve can be drawn for a range of pressure ratios indi-
cates that the surface pressure at a given location relative to the nozzle exit
is directly proportional to the nozzle total pressure and is independent of the
ratio of nozzle total pressure to ambient pressure. Figures 9(b) and 10(a) indi-
cate a slight increase in the span of maximum and minimum surface pressures
brought about by the increased range of the jet-impingement-point location.

Figures 9(c), 10(b), and 10(c) show that higher absolute values of peak sur-
face pressure may exist at the lower pressure ratios (see, for example, curves
for Pt,j/pm = 250,000 and 50,000), depending on whether the oblique shock is

located at the point of Jet-boundary impingement or downstream of this location.
This condition may be the result of lower total pressure losses being incurred at
the lower pressure ratio for which the angle of Jjet impingement is least.

Radial and circumferential distributions.- The previous discussion has been
restricted solely to the surface pressure distributions along a line parallel
with the nozzle axial center line. Typical variations of Ps/Pt, j with R/dj

are presented in figure 11(a) for the plate position y/d3 = T, and a pressure
ratio Py j/pOo = 250,000 along radial lines identified in the insert sketch.
2

Circumferential plots of the surface pressure distribution at various radii are
shown in figure 11(b). By plotting both radial and circumferential pressure
distributions and cross checking between the two curves, it was possible to
improve the fairing of each individual curve, particularly those with a limited
number of data points. All points used to construct a given curve that were
arrived at through interpolation are shown as crossed (X) symbols. Deviations
from symmetrical patterns of pressures are relatively small as can be seen in
the circumferential plots in figure 11(b). Typical plots for the M3y = 5.0

nozzle constructed similar to those for the Mj = 1.0 data are shown in fig-
ures 12(a) and 12(b).

Jet-impingement angle.- Results of a correlation of the angle B between
the jet boundary and impingement surface with the shift in peak pressure loca-
tion are shown in figures 13(a) and 13(b) for the M3 = 1.0 and My = 5.0

nozzle, respectively. The impingement angle B, as obtained from both schlieren
and theoretical results, is plotted against A¢§3> which is the distance between
the jet-boundary-impingement point, as obtained from figures 3(a) and 3(b), and
the peak pressure location as obtained from the pressure-distribution plots.
Curves of constant pressure ratio and plate location are shown for each of the
test nozzles, dashed lines indicating extrapolation in the region of shifting
peak pressure location. The critical angles of jet impingement for which the
peak pressure shifts in location occur in the range from about 58° to 65° for the
Mach 1.0 nozzle and from 33%° to 41° for the Mach 5 nozzle. This range of about
T° appears to remain relatively constant for both nozzles over the range of pres-
sure ratios investigated. As pt’j/pw increases, the impingement angle for

which maximum surface pressure will exist at the point of initial jet-boundary
impingement also increases.



A comparison of figures 13(a) and 13(b), at constant plate locations from
the nozzle axis, indicates that peak pressures occur much farther downstream of
the initial jet-impingement point A(é%) for the Mj = 1.0 nozzle than for the

dJ
Mj = 5.0 nozzle. At pressure ratios extrapolated to values greater than those
of this investigation, but at the same plate locations y/dj, little change in

location of peak pressure is indicated for the Mj = 5.0 nozzle, whereas sig-
nificant increases may be expected for the My = 1.0 nozzle. These data indi-

cate that in order to achieve a relatively constant location of maximum surface
pressure over a large range of pressure ratios, it is necessary to use either a
high Mach number nozzle or else maintain a small separation distance between the

nozzle and impingement surface.

SUMMARY OF RESULTS

An investigation to determine the effects of highly underexpanded free jets
impinging upon an adjacent flat surface has been conducted. The experimental
program conducted in the Langley 4l-foot-diameter vacuum sphere consisted of
obtaining pressure measurements and high-speed schlieren photographs. Unheated
air (of approximately 2,400 1b/sq in. abs) was exhausted from two different
nozzles, a converging nozzle (nozzle Mach number of 1.0 and nozzle diameter of
0.125 inch) and a converging-diverging nozzle (nominal design Mach number of 5.0
having a nozzle diameter of 0.625 inch). In general, the data corresponded to one
of two flow configurations on the impingement surface depending on the distance
separating the plate from the nozzle center line, the value of the ratio of nozzle
total pressure to ambient pressure, and the nozzle design. The following results

were obtained:

1. The locations of the free-Jjet boundary-impingement points on the adjacent
parallel flat plate were determined experimentally and theoretically and corre-
lated with the locations of the peak pressure ratios measured on the flat plate.

2. One flow configuration was characterized by an oblique shock located an
appreciable distance downstream of the jet-boundary-impingement point. The
maximum pressures measured on the plate were obtained at the oblique shock loca-
tion for the smallest plate spacing; a maximum pressure 500 times ambient pres-
sure was measured for the Mach 1.0 nozzle and 132 times ambient for the nominal
Mach 5.0 nozzle. Near linear variations of the ratios of surface static pressure
to ambient pressure with ratios of Jjet total pressure to ambient pressure were
obtained for the Mach 1.0 nozzle at all orifice locations for the two closest
plate locations. For relatively close plate locations, the pressures measured
at any position on the plate were very close to being directly proportional to
the nozzle flow total pressure and were independent of ambient pressure.

3. The second flow configuration was characterized by an oblique shock

located at the point of jet-boundary impingement on the plate. For the Mach 1.0
nozzle, this flow configuration was first obtained when the plate position or

10



jet pressure ratio was altered in such a way that the jet-boundary-impingement
angle was reduced to some value within the range from 58° to 65° depending on the
particular value of pressure ratio. For the nominal Mach 5.0 nozzle, the corre-
sponding range of impingement angles extended from about 33° to 41°. Maximum
surface pressures were much lower with this particular type of flow than when the
oblique shock was located some distance downstream of the jet-boundary-
impingement point.

4., These data indicate that in order to achieve a relatively constant loca-
tion of maximum surface pressure over a range of pressure ratios, it is necessary
to use either a high Mach number nozzle or else maintain a small separation dis-
tance between the nozzle and impingement surface.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., February 18, 1964,
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TABLE I.- SURFACE PRESSURE DATA RESULTS OF Mj = 1.0 NOZZLE EXHAUST PLUME IMPINGING UPON AN AXIALLY PARALIEL ADJACENT PLATE

y _0.875 _
() 43 0.125 1
© & 6 ® 06 © @ ®
X R v, ! ps/pm for values of Pt,j/pm of - ) ps/pﬁ“j for values of pt, j/pm of -
Orifice G E,j— deg ‘ -
250,000 200,000 150,000 100,000 50,000 250, 000 200, 000 150, 000 100,000 50, 000
T

1 -8 16 180 1.38 1.00 0.63 0.26 0.18 '0.0055 x 1072 0.0050 x 10-3 0.00k2 x 1073 0.0026 x 1073 0.0036 x 1077

2 -b 22 L.60 3.19 2.02 .90 memee .018k . 0160 L0135 L0090 0 meeee-

3 i 0 8 l 77.80 61.00 145.00 29.30 14,00 .3112 3050 . 3000 .293%0 . 2800

4 3 L 4g5.00 397.00 298.20 199.50 99.00 |1.9800 1.9850 .9880 1.9950 1.9800

5 8 0 180, 0 L4Lk6.00 356.30 266.50 175.3%0 86.00 1.784%0 1.7815 767 1.7530 1.7200

6 12 4 0 251.20 200.50 150.00 99.50 48,70 1.0048 1.0025 . 0000 .9950 L9740

7 16 8 138.00 110.00 82.50 5k. 20 26.70  .5520 .5500 .5500 5420 5240

8 2k 16 35.85 28.4%0 21.15 13.95 6.80 .1ik3h .1k20 L1410 L1395 1360

9 32 24 14,50 10.60 6.90 3.55 1.00 .0580 L0530 .0b&0 L0355 0200
10 o 32 8.10 5.60 3.80 2.20 75 .032h 0280 .0253 .0220 0150
11 56 48 3.28 2.4k 1.72 1.12 .50 .0131 .0l22 L0115 .0112 .0100
12 T2 64 1.74 1.31 .90 .51 Lo L0070 . 0066 . 0060 L0051 .0080
13 0k 96 .8k .50 kg .72 .63 .00%4 . 0025 .0033 .0072 0126
1k 136 128 .89 .82 .Th .82 LTh L0036 .00k1 .00kg .0082 0148
15 168 160 1.08 .77 .67 53 mmeme .00k3 .0039 . 00k5 L0053 0 memeeee

5 0 22.5 Lh6.00  356.30 266.50 175.30 86.00 1.78k0 1.7815 L7767 1.7530 1.7200
28 T2 l 1.18 1.00 LTh b b6 oot .0050 .00k9 . 0041 0092
27 136 .76 .72 .67 .69 .51 .0030 .0036 . 0045 . 0069 .0102
16 16 225 4,10 2.95 2.06 1.23 .2k 016k L0148 .0137 .0123 0048

5 0 225, 45 446,00 356.30 266.50 175.30 86.00 1.78k0 1.7815 L7767 1.7530 1.7200
21 16 ks 31.90 2k, 90 17.90 11.10 5.00 .1276 L1245 1193 L1110 1000
22 48 2,13 1.65 .90 mmmeme emee- .0085 .0083 L0060 mmmmem emeeen
23 84 17 .62 .51 .67 .50  .0031 . 0031 . 003k 0067 0100
2k 112 .85 .65 .68 .58 .33 .0034 .0033 L0045 . 0058 0066
25 1k .65 .72 .60 .66 .60 .0026 . 0036 .00k0 . 0066 . 0120
26 176 .90 .57 b e mmeen .0036 .0029 L0016 ememee meeeee

5 0 67.5 W6, 00 356.30  266.50 175.30 86.00 1.784%0 1.7815 L7766 1.7530 1.7200
29 72 67.5 .65 .55 Ll T J— .0026 .0028 .0029 L0056 | =m—mee
18 8 270 120.00 95.80 71.50 47.50 22.80 .4800 L4790 76T 4750 . 4560

5 0 270, 90 46,00 356.30 266.50  175.30 86.00 1.78%0 1.7815 L7768 1.7530 1.7200
19 8 90 120.00 95.70 71.50 47.4%0 23.00 , .k48oo L4785 767 b7ho . 600
30 32 90 © 1,67 1.0 .ok .46 L1k | L0067 . 0070 .0063 . 0046 .0028
20 16 315 34,10 26.80 19.50  12.30 5.65 | .136L .1340 . 1300 .1230 1130

5 0 315, 135 | 446,00 | 356.30 | 266.50 l175.30 86.00 |1.784%0 1.7815 L7768 1.7530 1.7200
17 16 135 3.59 2.65 1.97 ‘ 1.16 .32 | .OLkh L0133 L0131 L0116 006k




AT

TABLE I.- SURFACE PRESSURE DATA RESULTS OF MJ = 1.0 NOZZLE EXHAUST PLUME IMPINGING UPON AN AXTALLY PARALIEL, ADJACENT PLATE - Continued

y _ 1750 _
() dy  0.125 1k
®© & o ® 06 @ ®
P P, for values of P’c, 3 P, of - Py pt) for values of pt, 3 P of -
Orifice % % s / / /o3 /
250, 000 | 200,000 | 150,000 | 100, 000 | 50,000 250, 000 200, 000 150,000 100, 000 50, 000
1 -8, 16| 2180 1.67 1.57 0.62 0.13 0.25 |0.0067 x 103 | 0.0069 x 1073 | 0.0041 x 1072 |0.0013 x 1077 | 0.0046 x 1073
2 4! 12 5.3k 4,58 3,45 5 T L0214 .0229 .0230 L0033 | —meeee
3 0 8 l 27.70 21.30 14.90 8.70 9.70 | .1108 L1065 .0993 L0870 L1940
I i L k 9L.00 : T3.00 55.00 36.20 17.30 | .3640 . 3650 3667 . 3620 . 3460
5 gl o 180, 01139.80 '111.60 ' 83.20 54.60 26.10 | .5592 .5580 ©.554T .5460 .5220 :
6 ‘ 12] ky 0 |148.40 | 118.5%0 | 88.50 | 58.50 | 28.20 | .59%6 .5920 L .5900 .5850 .5640 :
7 16 8 116,60 93.30 69.60 45,70 22,20 | 466k L4665 1 L6eko 4570 ko \
8 ! 2l+f 16 | 55.20 k3,90 f 32,70 21.60 10.50 | .2208 .2195 . .2180 {2160 2100 i
9 P3| b 24,50 ‘ 18.k0 1 12.50 | T.20 2.70 | .0980 . 0920 1 .0833 | .oTe0 0540 '
10 ot 32 | | 13.2% |, 10.09 , T7.06 | k.23 1.68l .0530 .0505 ! sl i Jok23 L0336
11 o560 b8 1515 C 391 1 2,93 ' 1.85 .88 ' .0206 . 0196 I .0195 . .0185 L0176
12 72| 61+| c2.5% . 1.98 : 1.37 | .77 .23 | .0102 . 0099 | .0091 © L0077 . 0046
13 }1ol+ 96 | .88 T N .52 .60 .55 | 0035 . 0036 I .0035 | .0060 .0110
14 13% | 128 | l 57 ' .58 N '3 .70 | .0023 .0029 I .00kg ' .00T6 01k0
15 |168 160 .82 ‘ .69 . .80 R T E— .0033 .0035 . .0053 | o0k s
5 i 0! 22.5 ]130.80 '111.60  83.20 54.60 26.10 | .5592 .5580 ; 5547 l 5460 .5220
i 28 i T2 l 1.77 | L.k i 1.00 .55 .20 | .00T1 .00Ts . 0067 .0055 . 0040
27 136 .79 S5 .89 .62 b7 | L0032 .0038 . 0059 | . 0062 L0094 !
% 16 205 4. 52 3.85 | h.23 1.85 | =--—- .0181 .0193 .0282 L0185 e
| 5 0 {205, 45|139.80 | 111.60 s 83,20 | Sh.60 26.10 | .5592 .5580 ' L5BLkT \ 5460 .5220
21 16 0 Tis 7| b9.00 38.60 . 28.10 17.90 8.30 | .1960 .1930 .1873 | +1790 1660
22 L8 3.88 2.7k o136 |-l 1ol L0155 L0137 L0091 jemmmem mmemee
23 8k ? 1.02 .80 | .56 b3 .38 | .ook1 . 0040 ' .0037 j .00k3 . 0075
2k j 112 .5k .59 .61 e .23 | .0022 .0030 i .00k1 | .o0k2 . 0046
25 | akh .80 .76 o .63 .66 | L0032 ! .0038 . 0050 ,0063 .0L32
%6 | |76 .68 | .18 I R e .0027 ' .oo2h | .0009 oo meeeee
5 I o 67.5 1139.80 :111.60 83.20 | 54.60 26.10 | .5592 .5580 L5547 1 .5460 .5220
29 ‘ 72‘ 67.5 | 1. .81 - P S 00k .00k1 .0033 00235 e
18 L8, 270 76.00 60.10 by, 20 | 28.80 13.50 | .3040 . 3005 .29h7 | .2880 2700
5 | 01270, 9011%9.80 | 111.60 83.20 54.60 26.10 | .5592 .5580 5547 .5460 .5220
| 19 } 8 90 82.70 65.30 kg.20 32,50 15.40 3308 . 3265 . 3280 . 3250 . 3080
30 | 32 90 3.50 2.73 1.79 1.02 .79 | .01k0 L0137 [ .0119 . 0102 .0158
20 i i 16 315 b7.90 37.80 27.60 17.60 8.30 | .1916 .1890 ©.18hko .1760 . 1660 l
5 0 |315, 135{1329.80 | 111.60 83.20 5h.60 26.10 | .5592 .5580 l 5547 .5460 .5220 .
L 17 16 135 ko2 3.60 L 3.55 2.11 .10 | .0197 . .0180 .0237 0211 0020 .




TABLE I.- SURFACE PRESSURE DATA RESULTS OF My = 1.0 NOZZLE EXHAUST PLUME IMPINGING UPON AN AXTALLY PARATIET, ADJACENT PLATE - Continued

a1

y 3. 750
(e) a " o1 T 30
© & 6 O 6 ® @ ®
for values of T for values of [
x R v, ps/pm or values o Pt, .j/pco of - Ps/Pt,‘j or values o pt’ J/pw of -
Orifice G deg
250,000 200,000 150,000 100,000 50,000 250, 000 200, 000 150, 000 100, 000 50, 000

1 -4 16 180 7.90 6.10 2.k 0.27 0.79 0.0516 x 10°7 0.0305 X 10”3 0.0161 x 107> 0.0027 x 10"2 0.0158 x 10°2
2 0 12 8.02 6.21 5.35 2.75 .70 0321 L0311 L0357 L0275 .0Lko
3 L 8 16.15 14,20 10. 94 L8 2.8 L0646 L0710 .0729 .0k80 L0570
N 8 4 v 26.13 21.50 14.90 9.85 10.75 .1045 .1075 .0993 .0985 .2150
5 12 0 180, 0 30,60 2k.35 18.00 12.35 5.97 .122k .1218 .1200 .1235 .119h4
6 16 4 0 36.90 29.25 21.80 13.60 6.70 L1476 L1463 L1453 .1360 .1340
7 20 8 39.05 30.90 22.80 14,40 7.02 L1562 L1545 .1520 1440 .1hok
8 28 16 32.00 25.35 18.70 12.53 6.45 .1280 .1268 L1247 .125% .1290
9 36 24 24.38 18.70 13.10 7.50 b, 35 .0975 .0935 .0873 L0750 .0870
10 Ly =2 17.11 13,31 9.50 5,74 3.11 L0684 . 0666 L0633 LO5Th .0622
11 60 48 8.40 6.66 4,92 3.20 174 .0336 L0333 .0328 . 0320 .0348
12 76 6k 5.02 3.85 2,68 1.53 .90 L0201 .0193 L0179 .0153 .0180
13 108 96 1.18 1.14 1.00 .59 3T Wololllrs .0057 L0067 .0059 .00Th
1k 140 128 L LT .64 .58 .51 .61 .0028 L0032 .0039 .0051 .0122
15 172 160 d .91 .85 .75 .58 LT5 .0036 L0043 .0050 .0058 .0150
5 0 22.5 30.60 2L4.35 18.00 12.35 5.97 1224 .1218 .1200 .1235 .119k
28 T2 l 2.83 2.4 1.78 1.10 .63 .0113 .0120 L0119 .0110 .0126
27 136 .76 .61 RS .57 .67 .0030 .0031 .0030 . 0057 .013k4
16 16 25 7.90 6.21 7.5 3.75 .76 .0316 L0311 .0kgh L0375 .0152
5 0 225, 45 30.60 2k.35 18.00 12.35 5.97 .122k .1218 . 1200 .1235 . 1194
21 16 ﬂs 29.26 22.50 16.22 9.83 5.20 .1170 L1125 .1081 .0983 . 1040
22 . 48 7.30 5.66 4,0k 2.41 1l.ke . 0292 . 0283 . 0269 L0241 . 028k
23 8l 1.67 1.h5 1.1k 67 .50 . 0067 .0073 .0076 L0067 .0100
2k 112 .88 LT .53 .35 .hg .0035 . 0036 .0035 .0035 . 0098
25 1k .70 .65 .61 .48 .81 .0028 . 0033 . 0040 . 0048 . 0162
26 176 .90 .70 [T — .85 .0036 .0035 L0031 e L0170
5 0 67.5 | 30.60 2k, 35 18.00 12.35 5.97 L1224 .1218 .1200 L1235 L1109k
29 T2 67.5 2.05 1.6k 1.17 b7 1.05 .0082 .0082 .0078 . 0047 L0210
18 8 270 | 27.85 22,28 16.60 12.33 | 5.52 L1211k J111k L1107 .1233 L1104
5 0 | 270, 90| 30.60 2k, 35 18.00 12.35 5.97 .122h .1218 .1200 .1235 L1194
19 8 90 26.98 21.63 16.20 11.65 5.40 .1079 .1082 .1080 L1165 .1080
30 32 90 6.42 k. o6 3.51 2,25 1.96 L0257 .0248 .023k4 .0225 .0392
20 6| 315 30.93 23.93 17.38 10.82 5.60 .1237 .1197 .1159 .1082 .1120
5 0 |315, 135| 30.60 2k, 35 18.00 12.35 5.97 L1224 .1218 .1200 .1235 .119k
17 6 135 8.28 6.43 5.89 8.10 85 L0331 .0322 .0393 .0810 L0170
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TABLE I.- SURFACE PRESSURE DATA RESULTS OF My = 1.0 NOZZLE EXHAUST PLUME IMPINGING UPON AN AXTATLY PARALLEL ADJACENT PLATE - Concluded

© & 66 O 6

9

©)

P, /P, for values of i Py of - Pg /P. for values of Py, 1 of -
Orifice gg §§ dié o/ ’J/ e ’J/
250,000 | 200,000 | 150,000 | 100,000 | 50, 000 250, 000 200, 000 150, 000 100, 000 50, 000
1 10| 16| 180 —— 9.10 2.10 | 0.58 0,62 | —mmmmmmmmmee 0.0455 x 1073 | 0.0140 x 1073 [0.0058 x 1077 | 0.0124 x 1072
2 w12 ———- 16.45 3.65 .53 B .0823 . 02143 L0053 | eeeeae
3 18 8 l 5.80 k.55 12.25 3.21 .20 | 0.0232 x 1077 | .0228 0817 .03%21 0040
b o2 Y I 7.00 5.50 7.50 6.97 .83 . 0280 L0275 . 0500 L0697 0166
5 26 o 180, 0 6.75 5.15 3,65 7.26 .96 0270 .0258 . 02h4h L0726 .0192
6 30 I 0 7.00 5.50 k.10 6.25 1.63 0280 L0275 L0273 .0625 L0326
7 3h 8 7.20 5.75 4,320 3,45 1.90 0288 0288 .0287 L0345 .0380
8 ha 16 7.10 5,61 4.20 2.90 2.62 0284 .0280 .0280 . 0290 .052h
9 50 24 6.85 5.30 3.40 1.70 1.20 0274 0265 0227 L0170 0240
10 58 32 6.55 4.90 3,45 2.06 1.10 0262 . 0245 . 0230 . 0206 0220
11 4 148 4,85 3.90 2,95 1.95 .96 0194 .0195 L0197 .0195 0192
12 90 64 3.75 2.90 2.10 1.35 .55 .0150 .01h5 L0140 L0135 L0110
13 122 96 1.60 1.39 1.15 .76 .36 . 0064 .0070 L0077 . 0076 .0072
b L 128 .97 .82 .69 .57 46 0039 .00k1 . O0k6 L0057 . 0092
15 186 160 ~ 1.28 1.10 .92 LT il 0051 .0055 . 0061 .007h .0088
5 0 22.5 6.75 5.15 3.65 T7.26 .96 0270 .0258 .02kk L0726 0192
28 T2 L 2.9% 2.35 1.73 1.03 RIS 0117 .0118 L0115 .0103 0092
27 136 .27 .97 .67 .61 .48 0051 .00k9 .00L5 L0061 0096
16 16 225 7.21 15.90 4.15 .72 45 0288 L0795 L0277 . .0072 0090
5 0 225, 45 6.75 5.15 3.65 7.26 .96 0270 L0258 . 02kl .0226 0192
21 16 L5 6.36 k.96 3.52 2.07 1.02 0254 .0248 .0235 . 0207 0204
22 48 4.58 3,44 2.30 1.18 .90 0183 L0172 L0153 .0118 0180
23 8k 1.7 1.50 1.20 .95 .90 0070 L0075 . 0080 .0095 0180
24 112 1.08 .87 .66 .65 6L 00h3 .00kk . 00Uk L0065 0122
25 1hh 67 .64 .60 .72 .80 0027 .00%2 .00k0 .0072 0160
26 176 1.29 1.04 .19 .61 .52 0052 . 0052 L0053 L0061 010k
5 0 67.5  6.75 5.15 3,65 7.26 .96 0270 .0258 L0244 .0726 L0192
29 72 67.5 2.62 2.15 1.72 1.60 .30 0105 .0108 L0115 . 0160 .0060
18 8 270 6.9% 5.6 3.85 5.1% .59 0277 L0273 .0257 .0513 0118
5 0 270, 90 6.75 5.15 3.65 7.26 .96 0270 .0258 .02kk L0726 0192
19 8 90 6.5% 5.11 k.05 3.81 .50 0261 . 0256 .0270 L0381 0100
30 32 90 3.95 k.11 7.23 2.10 .80 0158 . 0206 .0h82 .0210 0160
20 16 315 6.85 5.4%0 3,94 2.45 2.7% 0274 .0270 L0263 .0245 0546
5 0 315, 135 6.75 5.15 3,65 T.26 .96 0270 .0258 .02kk L0726 0192
17 16 135 T.21 20.50 3.43 .83 RS 0288 .1025 . 0229 . 0083 0090




TABLE II.- SURFACE PRESSURE DATA RESULTS OF Mj = 5.0 NOZZLE EXHAUST PLUME IMPINGING UPON AN AXTALLY PARALLEL ADJACENT PLATE

¥y _ 1250 _
dJ 0.625
®© & 6 O 06 ® @ ©)
Pg/p, for values of p. p, of - P./D for values of p s Of -
Orifice ;—J % d:; s/ e,/ s/®t, t,J/p
250,000 200,000 150,000 100,000 50,000 250,000 200, 000 150,000 100,000 50, 000
1 o] 3.2 180 1.00 0.83 0.79 0.75 0.61 0.0040 x 1073 0.0042 X 1075  0.0053 X 10™3 0.0075 X 1073 o.0122 x 1073
2 .8 2.4 9.58 6.22 8.12 I J—— .0383 L0311 L0541 L0036 eeeeea
3 1.6 1.6 l 57.80 53.10 36.80 19.90 11,90 .2312 L2655 .2h53 .1990 .2380
b 2.4 .8 130.60 92,40 76.00 56.80 23,10 .522h 4620 L5067 .5680 L4620
5 3.2 0 180, 0 113.00 90.40 66.10 43,80 21.50 .bs520 L4520 kot . 14380 L4300
6 k.o .8 0 95.30 76.70 56.90 37.30 18.40 .3312 .3835 3793 . 3730 .3680
7 4.8 1.6 4. 20 59.90 4k o 28.50 14,00 .2968 2995 . 2960 .2850 . 2800
8 6.4 3.2 L. 30 35.10 26.10 17.10 8.50 .1772 L1755 .17h0 .1710 .1700
9 8.0 4.8 27.90 21.40 1k.20 8.80 3.50 .1116 .1070 .09kT7 . 0880 .0700
10 9.6 6.4 17.80 13.80 9.80 6.00 2.60 .0712 .0690 L0653 . 0600 . 0520
11 12.8 9.6 9.25 7.31 5.40 3.50 1.68 .0370 .0366 . 0360 0350 .0336
12 16.0 12.8 4. 7h 3.9% 2.83 1.63 67 L0190 . L0197 .0189 .0163 L0134
13 22,4 19.2 1.57 1.47 1.19 .5 3T L0063 . 00Tk . 0079 L0075 .00Th
1h 28.8 25.6 1.00 .83 .66 b9 kg Looko . 0042 . 00kk . 00k9 .0098
15 35.2 32.0 .97 .81 .79 .63 .26 .003%9 .00k1 .0053 L0063 .0052
5 0 22.5 113.00 90.40 66.10 43,80 21.50 .4520 4520 .bhot 4380 L300
28 1k b 2,00 1.91 1.k .80 .29 .0080 . 0096 . 0094 .0080 .0058
27 27.2 17 .67 .63 .61 o L0031 .03k .00k2 L0061 . 0080
16 3.2 2 2.4%0 2.0k 1.15 .32 .52 L0096 .0102 L0077 .0032 .0104
5 0 225, 45 113,00 90.40 66.10 43.80 21.50 .u4520 4520 Lot .4380 L4300
21 3.2 L5 26.40 20.30 1k.20 9.10 5.10 .1056 L1015 L0947 .0910 .1020
22 9.6 2.02 1.92 1.26 .88 .38 .0081 . 0096 .008Y4 .0088 . 0076
23 16.8 .76 .62 .50 .56 A5 0030 .0031 .0033 . 0056 . 0090
2k 22,4 .87 .70 .53 .86 .53 .0035 0035 .0035 . 0086 .0106
25 . 28.8 75 .66 .01 .86 .79 .003%0 .0033 L0061 . 0086 .0158
26 35.2 .84 17 .ho .18 .15 L0034 .0039 .0033 .0018 . 0030
5 0 67.5 113.00 90.40 66.10 43,80 21.50 .4520 L4520 R Tord 4380 . 4300
29 1. b | 67.5 .85 .76 .91 .69 .23 | L0034 .0038 . 0061 . 0069 . 0046
18 1.6 270 49,80 36.00 26.80 20.20 7.20 | .1992 .1800 L1787 . 2020 .1hko
5 0 270, 90 | 113.00 90.40 66.10 43.80 21.50 | .4520 4520 ot 4380 . 4300
19 1.6 90 4k, 00 32.30 24k ko 18.00 6.20 | .1760 L1615 .1627 .1800 .1240
30 6.4 90 .78 LT .72 .85 .51 | .00%31 . 0039 .00l48 .0085 .0102
20 3.2 315 28.20 22,00 15.80 9.90 .70 | .1128 L1100 .1053 .0990 .0940
5 0 315, 135 | 113.00 90.40 66.10 43,80 21.50 | .4520 4520 4ho7 4380 k300
17 3.2 135 2.19 1.85 .86 .39 .57 | .0088 .0093 L0057 .0039 L0114

LT



g1

TABLE II.- SURFACE FRESSURE DATA RESULTS OF Mj = 5.0 NOZZIE EXHAUST PLUME IMPINGING UPON AN AXTATLY PARALLEL ADJACENT PLATE - Continued

|<<

n

.500

(») 4y  0.625 b
© ® 6 ® 06 ® @ ®
x R ps/p, for values of p Py ©OF - j ) for values of p P, of -
oritice | 3y | & dZé / t:J/ s/Pt, 3 t, 3/
250,000 | 200,000 | 150,000 | 100,000 | 50,000 250, 000 200, 000 150, 000 100,000 50, 000
1 1.28| 3.2 180 0.32 0.57 0.78 0.80 0.72 |0.0013 x 1073 | 0.0029 x 10~ | 0.0052 x 10-7 |0.0080 x 10~3 | 0.014% x 103
2 2.08] 2.4 5.18 1.53 .60 .48 .60 | .0207 L0077 .00%0 0048 .0120
L3 2.88| 1.6 16.18 10.05 12.15 5.00 L3 | L0BhT .0503 .0810 . 0500 .0068
[ 3.68| .8 ' 21.50 | 19.61 15.57 8.9k 3.68 | .0860 L0981 .1038 . 089k L0736
i 5 L.48% o 180, 0 | 25.35 21.62 17.22 11.82 8.65 | .1014 .1081 .11k8 L1182 L1730
[ , 5.28 .8 0 © 31,61 23.29 17.52 | 11.37 5.28 | .126k4 L1165 .1168 L1137 .1056
boq " 6.08 1.6 34,07 | 25.88  18.12 . 11..70 ; 5.30 | .1363 i .1294 i .1208 © 1170 . 1060
8 | 7.68 3.21 29.35 23,45 17.33 | 11.35 i 5.k 1 .17k L1173 .1155 ¢ .1135 .1080
9 | 9.28! 4.8 19.08 15.13  11.20 ' 7.28 3.35  .0T6% L0757 " .OTAT L0728 L0670
10 111,481 6.4 14.85 11.67 8.5k 5.22 | 2.20 .059%h 058k . 0569 0522 .olko
11 14,08 9.6 8.75 6.83 L.95 | 3.05 | l.22 .0350 L0342 .0330 . 0305 .02hL
12 ‘17.28112.8 5.75 boht 3.20 1.93 .80 . .0230 L0224 .0213 .0193 .0160
13 |23.68119.2 . 2.10 1.85 1.3 . .85 .35 L0084 .0093 | +0090 . .0085 0070
1k '30.08]25.6 . 1.20 1.10 70 L85 .30 | L0048 ! . 0055 | .00T | -0055 L0060
15 36.h8‘32.o Lo .95 .85 .70 1 .65 - .50 .0038 ; .00k3 I .00kt . 0065 .0100
5 | 0 22.5 | 25.35 ' 21.62 17.22 | 11.82 ; 8.65 .101k i .1081 .1148 l .1182 L1730
28 b I 286 ! 2.0 0 177 | L35 .55 , .0Llk | .0120 \ .0118 L0115 .0110
27 i 27.2 " .75 0 L6L 5 s .37 L0030 ©.0031 .0030 \ 0045 . 00Tk
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TABLE II.- SURFACE PRESSURE DATA RESULTS OF My = 5.0 NOZZLE EXHAUST PLUME IMPINGING UPON AN AXTALLY PARALLEL ADJACENT PLATE - Continued

Y _ 3.730
(e) dy 0.625
®© & 6 ® 06 ® @® ®
x R v Py /‘pm for values of Py, 4 /poc of - Ps /pt, 3 for values of py j /pm of - I
Orifice rn i de’g y
4N 250,000 | 200,000 150,000 | 100,000 | 50,000 | 250,000 200,000 150, 000 100,000 50, 000

1 3.2 32| 180 0.72 0.70 0.71 0.62 0.46 | 0.0029 x 1077 | 0.0035 x 10™3 0.0047 X 10™> 0.0062 x 10™>  0.0092 x 1072
2 ho 2.k 2,14 .78 .22 .13 - | .0086 .0039 .0015 L0013 meeeee
3 L8 1.6 6.55 | 13.60 .81 —— ———- | L0262 .0680 L0054 eeemee emmeee
'3 5.6 .8 11.06 8.50 25.85 2.50 .50 | .olk2 .ok2s .1723 .0250 .0100
5 6.4 o 180, 0 | 11.46 8.70 k.95 9.93 ———- | .0458 .0b35 .0330 L0993 0 emeean
6 7.2 .8 0 13.15 10.71 T.37 5.12 2.18 | .0526 .0536 .0k91 L0512 .0k36
7 8.0 1.6 14,83 | 11.50 8.50 5] 5.60 | .0593 L0575 L0567 L0475 .1120
8 9.6 3.2 13.63 | 10.69 7.82 5.02 3,17 | .0545 L0535 .0521 .0502 L0634
9 1.2 4.8 1147 8.75 5.58 2.85 .50 | .0L59 .0k38 L0372 .0285 .0100
10 12.8 6.4 10.18 7.60 5.18 2.95 .95 | .oko7 .0380 L0345 .0295 . 0190
11 16.0 9.6 7.32 5.80 k.25 2.72 1.30 | .0293 .0290 .0283 .0272 L0260
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15 38.4 32.0 .08 .82 .6k .48 .07 | .0039 .ook1 L0043 .00k8 "L 001k
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16 3.2 225 1.21 .6 .64 .58 2| L0048 .0038 .00L3 .0058 008k
5 0 |25, b5 | 11.46 8.70 4,95 9.93 ———=| .0458 L0435 I .0330 .0993
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TABLE II.- SURFACE PRESSURE DATA RESULTS OF M; = 5.0 NOZZLE EXHAUST PLUME IMPINGING UPON AN AXJALLY PARALIEL ADJACENT PLATE - Concluded

(a) L:G_'gﬁ:lo

dy  0.625
© ® 6 ® 06 ® @ ®
. . v, Py /puo for velues of Py 4 /pw of - g /pt, 3 for values of Py, J /p°° of -
Orifice i i de
3 J & 250,000 | 200,000 | 150,000 | 100,000 | 50,000 250, 000 200, 000 150, 000 100, 000 50, 000
1 8.0 3.2 180 0.93 0.94 0.95 0.96 0.79 | 0.0037 X 1077 0.0047 x 1072 | 0.0063 x 1073 0.009 X 107> |0.0158 x 102
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Figure 1.- Continued.
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P28



J

Distance from nozzle axial center line, %

Ge

60

ko

30

20

10

T T

Various plate positions - IV.

1 R

A /“\\

JIL K

= 200,000
— 150, 000
== 100, 000

50,000

%

Py

132,000
105,700
79,200
52,800
26,400

p>oado

VW

II1
QZZf/DZ —J—sl 250 - 100 x 10° J
A
g/J Estlmated origin of obligue
shock as determined from peak ;
pressure location
IEEAY II
il P T ——
> I 250 - 50 x 10 e ——
% | 1= I
DR

~ 4

1 ‘
250 - 50 x 10 ==
L r\\\ ;>_

Attached oblique shock obtained

from schlieren photographs l

T
//////%

10 20 30 ko

Distance downstream of nozzle exit,

(a) Mj=1.0; &3 = 0.125 in,

50 60

x
d

3

Figure 3.- Correlation of plate positions with Jjet exhaust plume boundaries for various ratios of jet total pressure to

ambient pressure.
lated Jet plume boundaries.

Symbols indicate experimental points from photographs; solid lines indicate theoretically calcu-

]



g2

J

Distance from nozzle axial center line, %

(b)

Mj =5.0; 43 = 0.625 in.

Figure 3.- Concluded.

12 l / / 4/
| | | ~
10 5 " ; e ‘ ‘ I
| . by 4 : / | ‘ /
| - Py Py | / // :
| 'O 250,000 606 ‘ ‘ b V ‘ e
8 ‘ {8 200,000 485 ! A ‘ i / *
; <> 150,000 363 y / l
A 100,000 k2 n/ /
!B 50,000 121 "/ |
¢ t 1 . A/ /’K ‘Various plate positions - III
| &, /
| 9/ 4%
l | E /// T IIL “ I
[ ' { ) P, . ‘
‘ ! : % Peak pressure location, —=J - 250,000 ‘I
' Y, @
y/ o 1' o
2 % T . — L L % :
‘ j Py 250 - 50 x 105 I el N _ Attached oblique shock obtained
: /( Poo - \{‘/\ from schlieren photographs
0 r ! [ ( =4 1 l i
\l 2 L 6 8 10 12 1k 16 18
0
Distance downstream of nozzle exit, T
J




separated

Three-dimensional effect
{does not influence surface flow

®y /P, = 150,000

zSecond'bbliqu& shaek

I
(a) - 7.
Figure 4.- Jet plume schlieren photographs of Mj = 1.0 nozzle. L-64-383
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Figure 4.- Concluded. L-64-385
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Figure 5.- Continued.
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Figure 5.- Concluded.
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(a) Radial distribution.

Figure 12.- Radial and circumferential distributions of impingement surface static-to-nozzle total-
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Dashed lines indicate extrapolation.
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Figure 13.- Concluded.
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